The tips of eukaryotic chromosomes are dedicated to the essential task of protecting chromosome integrity. These chromosomal regions, called telomeres, lack coding sequences, consisting instead of long regions of tandemly repeated, simple sequences that are associated with special proteins. The telomeres "cap" the tips of the chromosomes, preventing them from recombining madly-as broken chromosomes tend to do-into the chromosomal aberrations that spell trouble for cells. Telomeric DNA also provides a "buffer" at the ends of the chromosomes to accommodate the DNA loss that is the inevitable result of semiconservative replication: conventional DNA polymerases cannot synthesize the 5'-most end of each new strand, and if telomeres weren't present, coding sequences would soon be eliminated. Some, although probably not all, cell types use an enzyme known as telomerase to replenish the telomere sequences lost at each division. This ribonucleoprotein, an unusual reverse transcriptase, includes an RNA moiety that serves as a template for the addition of telomere DNA repeats (for reviews, see Greider, 1990 Greider, , 1991 .
Telomeres were firststudied molecularly in ciliated protozoa. These single-cell eukaryotes are ideal organisms for the study of telomeres because during certain phases of the life cycle they have a macronucleus that contains thousands of minichromosomes, each with a telomere at both ends. Telomeric repeats have subsequently been found in yeast, mammals, and plants. Although their sequences are not identical, they are remarkably similar. The Tetrahymena telomere repeat, for example, is TTGGGG; that in yeast is TG1-3; and in Arabidopsis and maize (Richards and Ausubel, 1988 ) the telomere consists of repeats of the sequence TTTAGGG. The G-rich strand always runs 5'to 3'toward the telomere and, in the cases where it has been studied, extends 12 to 16 bases past the end of the C-rich strand (Henderson and Blackburn, 1989) . This single-stranded segment may fold by nonWatson-Crick base pairing into a hairpin structure (Henderson et al., 1987 ) that may dimerize with other telomere termini and/or interact with telomere binding proteins.
In addition to stabilizing chromosomes, telomeres can prove a boon in another way as well: because telomere sequences are located at the tips of the chromosomes, they, or the sequences just proximal to them, can be used to place the ends of the chromosomes on the genetic map. In this issue, Burr and coworkers (pages 953-960) have done just that for maize. To clone subtelomeric sequences adjacent to the telomeres, they digested genomic DNA with restriction enzymes that cut frequently (although not within the telomere repeats themselves), ligated the DNA, and used the polymerase chain reaction to amplify sequences now flanked by telomere repeats. The authors have found that these subtelomeric sequences consist, at least in part, of sequence repeats of about 50 to 100 bp in length.
The presence of subtelomeric repeats in maize telomeres is not surprising; the telomeric repeats of many organisms are preceded by stretches of other repeated sequences. Tomato telomeres, for example, consist of approximately 40 kb of telomeric repeats that are followed by a stretch of 10 to 100 kb of spacer DNA and then by many copies of a 162-bp satellite repeat (Gana1 et al., 1991) . Although the structure of the DNA proximal to the maize telomere repeats has not yet been elucidated in similar detail, maize subtelomeric regions will probably be fairly complex as well.
The subtelomeric regions of maize and tomato, like those of other organisms, are highly variable. In tomato, which shows relatively few strain-specific polymorphisms, the fragments detected by subtelomeric probes are more than ten times more variable than those detected by single-copy sequence probes (Broun et al., 1992) . This high variability makes these sequences useful probes for mapping restriction fragment length polymorphisms (RFLPs). Although the maize subtelomeric sequences are repeated severa1 hundred times in the genome, Burr and coworkers have been able to use probes for these sequences to identify RFLPs and to examine their segregation in a recombinant inbred (RI) population of maize (Burr and Burr, 1991) . Of the 14 RFLP loci they identified, 13 could be mapped; 11 of these turn out to be linked to markers known to be near the ends of eight of the 20 chromosome arms. This result allays one of the geneticist's worst fears, that recombination would be so high in the vicinity of the chromosome ends that the telomeres would appear to be unlinked to the rest of the chromosome. In fact, the ends of maize chromosomes do fall on the genetic map. In a similar vein, Ellis et al. (1992) have recently found that at least one telomere-related sequence maps to the end of a pea linkage group.
In addition to mapping telomereassociated sequences, Burr and coworkers have begun to map the loci that control maize telomere length. This came about through their observation that different inbred maize lines, which are already highly polymorphic at the DNA level, also show dramatic differences in telomere length. To measure telomere lengths, the authors used telomere repeat sequences to probe genomic DNA that had been cut with a restriction enzyme whose recognition sites occur frequently, including, presumably, just proximal to the telomere repeats. For some inbreds, the resulting band (a smear, actually: even within a given
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inbred, telomere lengths are heterogeneous) was less than 2 kb; for others, it was more than 40 kb. These differences are heritable and repeatable.
Choosing an RI family whose parent inbreds show distinctly different telomere lengths, Burr and coworkers next examined individual RI plants for segregation of telomere length. Telomere length varied continuously across the RI population, ranging from shorter than that of either parent to longer than that of either parent. These observations suggest two things: first, that several loci control telomere length, and second, that some loci exert a negative effect on telomere length. By correlating telomere length with known genetic markers, Burr and coworkers have been able to identify two loci that, between them, account for 45% of the variability in telomere length (with the addition of a third locus, this amount rises to 50%).
What might these loci encode? Little is known for certain about the genetic control of telomere length in any organism, although yeast mutants in which telomere length is altered have provided some hints about what kinds of gene products control telomere tract length. For example, haploid yeast cells containing temperature-sensitive alleles of the RAP7 gene, which encodes a transcriptional regulator that also binds to telomeric DNA, have telomere tracts that are either shorter or longer than normal (Lustig et al., 1990) . Moreover, synthetic telomeres in which the RAPl binding site is altered are poor substrates for telomere repeat addition in vivo. These results suggest that the RAPl protein, which may associate with the nuclear scaffold, may help maintain the chromosome structure necessary for efficient telomere elongation, although it is not yet clear how RAPl functions.
Another yeast mutation, called est7, also defines agene required for telomere elongation: in the absence of this gene, the telomeres of haploid yeast cells gradually shorten (Lundblad and Szostak, 1989) . The EST1 protein shares some sequence similarities with RNA-dependent polymerases, and the EST7 gene may encode the protein component of the telomerase enzyme (Lundblad and Blackburn, 1990) . Not surprisingly, the RNA component of telomerase is also essential for telomere elongation. The telomeres of Tetrahymena strains overproducing an altered telomerase RNA lengthen or shorten abnormally with time in culture, depending on the RNAsequence (Yu et al., 1990 ). The loci identified by Burr and coworkers may well turn out to represent alleles of telomere binding protein genes or genes whose products control telomere synthesis directly.
Regulation of telomere length is a particularly interesting question in light of recent observations that decreases in telomere length may be related to cellular senescence in both unicellular eukaryotes and humans. With each division, the telomeres of both est7 yeast mutants and a Tetrahymena mutant with an altered telomerase RNA shorten, and the cells gradually sicken and die. The telomeres of cultured, normal &e., untransformed) human fibroblasts also shorten with time, and fibroblastsfrom older human individuals have significantly shorter telomeres than those from fetal tissue or children (Harley et al., 1990) . This result suggests that unlike unicellular eukaryotes, in which telomerase is always active, human somatic cells lack telomerase activity. Telomerase may be active in germline cells, however, because human sperm cells have long telomeres.
The telomeres of transformed human cells, like those of untransformed cells, also shorten with increasing number of population doublings (Counter et al., 1992) . Most of these cells eventually die, but some become immortalized. These rare immortalized cells differ from the mortal cells in several ways: they contain telomerase activity, and their telomeres have ceased shortening, remaining aconstant, albeit diminutive, length. It is possible that the immortalization of these cells comes about as a direct consequence of telomerase activation. The normal lack of telomerase activity in somatic cells might be advantageous for multicellular eukaryotes because, by leading to cellular senescence, it could keep cells from becoming immortalized and undergoing the resultant unchecked divisions that lead to metastatic growth (Greider, 1990) . Moreover, mortal cells are less likely to accumulate the multiple "hits" that cause cells to become cancerous.
At this point, the relationship between telomere shortening and senescence remains correlative: as they age, human cells may simply lose the ability to maintain telomere length. In fact, mouse telomeres, which are very long, appear not to shorten with time (Kipling and Cooke, 1990) . Even if telomere shortening is shown to cause senescence in some animals, there is no evidence that plant senescence is in any way analogous to animal senescence. Unlike fibroblasts or other animal cells, plant callus cells can divide indefinitely in culture. Nevertheless, it is clear that in some plants, certain organs-leaves, for example-do undergo programmed senescence (Thomas and Stoddart, 1980) , and it would be interesting to know whether such senescence is correlated with telomere shortening. Plant telomeres have not been observed to shorten, and given the developmental plasticity of plant cells, it is possible that telomere length is actively maintained in all plant cells.
In any case, Burr and coworkers' results demonstrate that telomere length, at least in maize, is tightly regulated; telomeres "equilibrate" to new lengths very rapidly. The F1 offspring of parents whose telomere tract lengths differ significantly have telomeres that are the same length as those of one of the parents (either the shorter or longer telomere parent) orare of intermediate length. Burr and coworkers estimate that fewer than 50 cell doublings intervened between the parents and the F1 at the time of testing (in all cases, the authors examined telomere length in newly expanded leaves). This means that in fewer than 50 divisions-
